Stroke is among the leading causes of death, and its outcome is strongly depending on complications.^[@R1]^ Infections, in particular pneumonia, are one of the standout risk factors for poor outcome after stroke. The prediction of outcome and complications remains challenging and relies on age, severity of stroke, and other risk factors for pneumonia, e.g., dysphagia.^[@R2]^

Stroke induces a suppression of immune responses via activation of the autonomic nervous system and stress axis, significantly contributing to the development of stroke-associated pneumonia (SAP).^[@R3]^ Biomarkers of immunity, stress, and inflammation are considered to predict stroke-associated infections and even the outcome of stroke itself.^[@R4]^ The development of biomarkers to indicate outcome and complications such as infections would help to triage monitoring needs and preventive anti-infective treatment for patients with stroke at risk and would allow for early prognosis of long-term outcome. So far, no single biomarker or biomarker pattern predicting infections or outcome with a sufficient negative and positive predictive value (PPV) has been identified.^[@R5]^

We hypothesized that a set of inflammatory and stress biomarkers predict SAP and functional outcome after stroke: Procalcitonin has been associated with post-stroke infections before.^[@R6],[@R7]^ Midregion pro-adrenomedullin has been previously associated with stroke-associated infections^[@R8]^ and functional outcome after stroke.^[@R9],[@R10]^ Copeptin, a hypothalamic stress hormone, has been associated with higher risk of all-cause mortality, poor functional outcome after ischemic stroke, and stroke-associated infections.^[@R6],[@R11][@R12][@R13]^ Midregion pro-atrial natriuretic peptide (ANP) is a marker of hemodynamic stress and has been associated with a higher risk for occurrence of ischemic stroke.^[@R14],[@R15]^ C-terminal pro-endothelin-1 (CTproET) is a strong vasoconstrictor influenced by age, renal function, and hemodynamic parameters.^[@R13]^

In a large cohort of patients with stroke based on the PREDICT and STRoke Adverse outcome is associated WIth NoSoKomial Infections (STRAWINSKI) studies, we tested these biomarkers for their properties in predicting SAP during acute hospitalization and death and functional outcome 3 months after stroke onset. Furthermore, we explored the relationship of these biomarkers to different stroke etiologies.

Methods {#s1}
=======

Standard protocol approvals, registrations, and patient consents {#s1-1}
----------------------------------------------------------------

We pooled the clinical data of 2 multicentric acute stroke studies with identical data assessment (case report forms): the STRAWINSKI and PREDICT studies ([clinicaltrials.gov](http://clinicaltrials.gov) NCT01264549 and NCT01079728). Both studies received approval by the institutional ethics committee and data protection office of Charité Universitätsmedizin Berlin. Every patient or their legal representative gave written informed consent to participate in the studies. Protocol details and primary outcome data of both studies have been previously published.^[@R7],[@R14],[@R15]^ Briefly, both studies recruited acute ischemic stroke patients to investigate the prediction (PREDICT) and eventually procalcitonin (PCT)-guided immediate early treatment (STRAWINSKI) of SAP. Selection criteria for PREDICT were less selective (inclusion of any ischemic stroke with a minimum NIH Stroke Scale \[NIHSS\] score of 1 and within 36 hours after event), leading to a larger but less severely affected cohort, whereas STRAWINSKI included patients with a minimum NIHSS score of 9 and consequently more frequent SAP. In both studies, SAP was defined according to the PISCES criteria.^[@R5]^

Biomarker sampling {#s1-2}
------------------

Serum samples were analyzed for levels of the following biomarkers using fluorescent immunoassays (BRAHMS GmbH/Thermo Fisher Scientific, Hennigsdorf, Germany): midregional pro-ANP (MRproANP), midregional pro-adrenomedullin (MRproADM), CTproET, ultrasensitive copeptin (CPus), and ultrasensitive PCT (PCTus). All measurements were performed on the automated BRAHMS KRYPTOR compact PLUS analyzer according to the manufacturer\'s protocol. The lower limits of quantification were 4.5 pmol/L for MRproANP, 0.05 nmol/L for MRproADM, 3 pmol/L for CTproET, 1.9 pmol/L for CPus, and 0.02 μg/L for PCTus. Measurement was performed from blood samples drawn daily during the first 4 days of hospital admission. Admission blood samples were drawn as soon as possible, but at least within 36 or 40 hours within the ischemic event in PREDICT and STRAWINSKI, respectively.^[@R7],[@R15],[@R18]^

Biometrics {#s1-3}
----------

Standard descriptive sum statistics were performed to describe demographics and stroke characteristics and biomarker results. We split the cohort into patients having SAP including sepsis, urinary tract infection only (UTI), and no infection (NI). Associations were analyzed using the Fisher exact test, independent sample Mann-Whitney *U* test, and Spearman correlation, depending on the character of variables. To quantify the effect size of nonparametric associations, we calculated Cohen r via the aforementioned Mann-Whitney *U* test. Typically, effects larger than 0.1, 0.3, and 0.5 are deemed small, moderate, and large, respectively. Spearman ρ larger than 0.3, 0.6, and 0.8 is typically considered a fair, moderate, or very strong correlation, respectively. For multivariate logistical regression with backward variable selection to predict SAP and death after 3 months, we included all variables showing association in univariate testing at an alpha level of *p* = 0.1. Receiver operating characteristic (ROC) curves were calculated based on probabilities of outcome events predicted by a logistic multivariate regression analysis. All statistics were performed using SPSS (version 24.0; IBM, Armonk, NY).

Data availability {#s1-4}
-----------------

Any data not published within the article are available in anonymized form by request from any qualified investigator.

Results {#s2}
=======

The combined cohort of PREDICT and STRAWINSKI patients consists of 712 cases, 29 of which representing patients participating in both studies. In 110 of the remaining subjects, there were no sufficient backup blood samples. Age and sex did not differ in these patients without backup blood samples, but they were significantly less severely impaired by stroke at admission (lower NIHSS scores) and showed a higher rate of infections (data not shown). We restricted our analysis to the final cohort of 573 patients. Forty-seven percent of these patients were female; the mean age of this cohort was 72.1 years. Median stroke severity at admission was 8 (interquartile range \[IQR\] 3--14) as measured by the NIHSS. At 3 months, the median modified Rankin Scale (mRS) score was 3 (IQR 1--4), and 12% of patients had died. A total of 12.9% had SAP, 5.1% had UTI only, and 82.0% did not acquire any infection (NI). These and further demographics and stroke characteristics are given in [table 1](#T1){ref-type="table"}, and median values of biomarkers at admission or their maximum during hospitalization are represented in [table 2](#T2){ref-type="table"}. The course of biomarker changes over the first 4 days is shown in figure e-1 ([links.lww.com/NXI/A198](http://links.lww.com/NXI/A198)).

###### 

Demographics and stroke characteristics for the total cohort and patients having SAP, UTI only, or no infection
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###### 

Biomarkers for the total cohort and depending on the occurrence of SAP during initial hospitalization and death and the mRS score 90 days after stroke
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In univariate analysis, SAP and NI were associated with increased or decreased admission and maximum levels of all biomarkers, respectively ([table 2](#T2){ref-type="table"}). The only biomarker associated with UTI was MRproADM (admission and maximum levels; data not shown). Furthermore, all biomarkers were associated with death 3 months after stroke. Discrimination for prediction of SAP ([figure 1, A and B](#F1){ref-type="fig"}) and death ([figure 1, C and D](#F1){ref-type="fig"}) was moderate to strong. Functional outcome as measured by the mRS 3 months after stroke was weakly (PCT) to moderately (all other biomarkers) correlated with biomarker levels on admission ([table 2](#T2){ref-type="table"}, figures e-2 and e-3, [links.lww.com/NXI/A198](http://links.lww.com/NXI/A198)). We tested risk factors for death and SAP to select the following predictors for multivariate testing based on a univariate alpha level of 0.1: dysphagia, hypercholesterolemia, atrial fibrillation, stroke etiology, chronic obstructive pulmonary disease (COPD), and admission NIHSS score for a prediction model of SAP; age, sex, hypertension, dysphagia, smoking, atrial fibrillation, stroke etiology, and admission NIHSS score for a prediction model of death at 3 months (data not shown).

![ROC for prediction of SAP or death 90 days after stroke for admission (A and C) and maximum biomarker levels (B and D)\
AUC = area under the curve; CTproET = C-terminal pro-endothelin; MRproADM = midregional pro-adrenomedullin; MRproANP = midregional pro-ANP; PCTus = ultrasensitive procalcitonin; SAP = stroke-associated pneumonia.](NEURIMMINFL2019023283f1){#F1}

The multivariate logistic regression model for SAP retained admission NIHSS score, COPD, dysphagia, hypercholesterolemia, and CPus and PCTus as independent predictors ([table 3](#T3){ref-type="table"}). The sensitivity and specificity of prediction was plotted as an ROC curve with an area under the curve of 0.876, signifying excellent discrimination. A model without the investigated biomarkers reached an ROC area under the curve of 0.837, signifying only little added discrimination by CPus and PCTus (data not shown). The multivariate model for prediction of death at day 90 after stroke retained the independent predictors age and admission NIHSS score ([table 3](#T3){ref-type="table"}). The sensitivity and specificity of prediction was plotted as an ROC curve with an area under the curve of 0.880, signifying excellent discrimination.

###### 

Multivariate logistic regression models to predict SAP and death at day 90 after stroke
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Cardioembolic strokes showed higher values for all examined biomarkers (*p* values obtained via Mann-Whitney *U* test). Association effect sizes with admission samples for MRproANP, MRproADM, CTproET, CPus, and PCTus were 0.48, 0.31, 0.33, 0.20, and 0.08, respectively. Association with maximum values over the course of the first 4 consecutive days after stroke had effect sizes of 0.52, 0.34, 0.37, 0.24, and 0.14 for MRproANP, MRproADM, CTproET, CPus, and PCTus, respectively. The sensitivity and specificity of prediction was plotted as an ROC curve with areas under the curve in the range of 0.550--0.785 for admission values and 0.583--0.811 for maximum values over the course of the first 4 consecutive days after stroke. In both instances, MRproANP showed the best discriminatory abilities to establish cardioembolic strokes ([figure 2](#F2){ref-type="fig"}). When correcting for stroke severity expressed by the admission NIHSS score, admission values of MRproANP, MRproADM, and CTproET remained independently associated (data not shown).

![Admission and maximum MRproANP levels for patients without vs with cardioembolic stroke (A and B), as well as ROC for prediction of cardioembolic stroke for admission (C) and maximum biomarker levels (D)\
AUC = area under the curve; CTproET = C-terminal pro-endothelin; MRproADM = midregional pro-adrenomedullin; MRproANP = midregional pro-ANP; PCTus = ultrasensitive procalcitonin.](NEURIMMINFL2019023283f2){#F2}

Discussion {#s3}
==========

The main findings of our study are as follows: (1) The investigated biomarkers are associated with SAP and death, and they were correlated with functional outcome 3 months after stroke. (2) CPus and PCTus are independent predictors of SAP, but there is little added discrimination capacity to clinical factors. (3) The investigated biomarkers were not predicting death 3 months after stroke independent of other common risk factors. (4) Cardioembolic strokes lead to higher levels of the investigated biomarkers, with MRproANP showing the best discrimination in c-statistics.

The multivariate model for prediction of pneumonia showed excellent discrimination quality and would possibly satisfy the necessities of a clinical instrument to decide on preventive pharmacologic treatment. The additive value of CPus and PCTus to the clinical predictors of the model (NIHSS score, COPD, dysphagia, and hypercholesterolemia) was limited: a multivariate model with the same risk factors but excluding the biomarkers reached an area under the curve of 0.837 compared with 0.876 with biomarkers in the c-statistic (data not shown). The multivariate model for prediction of death 3 months after stroke was found to have excellent discrimination in the c-statistic, but was solely based on age and stroke severity.

Assuming the same distribution of risk factors and SAPs as in our studied cohort, the following numbers could be derived from an illustrative cohort of 1,000 patients with a 10% incidence of SAP: CPus showed the largest AUC in the univariate models. A value of 6.2 μg/L or higher would predict SAP with a sensitivity of 96%, specificity of 30%, PPV of 13%, and a negative predictive value (NPV) of 99%. If gauged for higher specificity, the cutoff could be set at 68 μg/L, leading to a sensitivity of 28%, specificity of 95%, PPV of 38%, and an NPV of 92%. Using the latter approach (specificity of 95%), addition of CPus and PCTus to the purely clinical model for SAP prediction improves sensitivity (23--36%), NPV (92--93%), and PPV (34--44%). Further prospective data from a validation cohort are needed to confirm these predictive values.

We hereby report data on SAP and mortality prediction with CTproET and MRproANP after stroke, showing significant associations for both outcomes with both biomarkers. PCT has been associated with post-stroke infections before,^[@R6],[@R7]^ although this connection could not always be reproduced.^[@R16]^ Our data confirm admission PCT values to be associated with SAP and outcome. Previous reports found associations of MRproADM and copeptin with stroke-associated infections^[@R8],[@R12]^ and functional outcome after stroke.^[@R9][@R10][@R11]^ In a cohort of Chinese patients, copeptin predicted death in patients with ischemic stroke. Our findings corroborate these reports. However, these markers add little or no additional predictive value to purely clinical models for prediction of SAP and outcome, respectively. This is in contrast to the recent report of copeptin strongly improving outcome prediction in patients with ischemic stroke on top of clinical predictors.^[@R17],[@R18]^ Taken together, these data suggest a solitary role for Copeptin as a biomarker with potential relevant additional information to clinical predictors, since the vast majority of published data suggest (especially inflammatory) biomarkers to be associated with outcome, there is rarely additional predictive value over readily available clinical information.^[@R19],[@R20]^ In our cohort, severity of stroke stands out as the single strongest predictor. Fittingly, there was considerable multicollinearity between all the investigated biomarkers and between stroke severity via the NIHSS score and the biomarkers as established by Spearman correlation analysis (data not shown). Overall, the analyzed biomarkers may reflect noninfectious neuroinflammation or infections. Both of these conditions are correlated with infarction size and consequently stroke severity, as recently shown with interleukin 6.^[@R21]^

Of interest, cardioembolic stroke was associated with higher levels of most of the examined biomarkers compared with other stroke etiologies. Discrimination was best for MRproANP and was independent of stroke severity in multivariate testing, possibly relating to its properties as a cardiac hemodynamic stress marker. It was previously shown to be associated with a higher risk of stroke, possibly being a marker of high risk for cardiac sources of emboli.^[@R22]^ Because of the design of our study, we cannot comment on other hemodynamic or other cardiac markers such as arrhythmia, heart rate variability, ejection fraction, and more. Furthermore, a comparison with other cardioembolic markers such as (N-terminal pro) brain natriuretic peptide would be of interest. These results do warrant further research to establish ANP as a possible laboratory biomarker for cardioembolic stroke etiology.

The strength of this analysis is the simultaneous approach with 5 biomarkers in a large sample. Associations found were very stable and appeared already when only taking laboratory results from admission into account as opposed to course of biomarkers over several days. The interpretation of these data is limited by lack of independent testing of results in a validation cohort. Furthermore, the STRAWINSKI trial randomized patients into a PCT and non-PCT group, allowing clinicians to base medical decisions on the PCT values. We deem a possible bias by this negligible, given that treatment guidance in the STRAWINSKI trial was shown not to be strongly driven by PCT, nor was there proof of efficient SAP prevention.^[@R7]^ Furthermore, we only looked at the biomarker course during the first 4 days after the event, possibly explaining differences to previous reports on the same biomarkers. Although it would have been of great interest to compare these blood-borne biomarkers with imaging findings, we only had imaging data on 94 patients, details of which have been published previously.^[@R21]^ Furthermore, other clinical parameters are known to partly predict the outcome of stroke that we could not account for in our analysis. The studies contributing data to this analysis did not record certain metabolic measures (such as body mass index, waist circumference, metabolic syndrome, lipid profile, and exercise), comorbidities (liver steatosis, gout, chronic kidney disease, depression, valve disorder, and coronary or peripheral artery disease) and other biomarkers (C-reactive protein and fasting glucose). However, even without these parameters, our prediction models based on the used clinical parameters are already sufficiently good to predict SAP and stroke outcome without the biomarkers.

This report corroborates the association of inflammatory and stress biomarkers with SAP, death, and functional outcome after stroke. However, the discriminatory abilities of the investigated biomarkers were either without or only minor capacity to improve prediction of SAP and functional outcome by clinical parameters. Based on our findings, we strongly recommend that future stroke biomarker research considers robust clinical parameters and possibly risk scores in SAP^[@R23]^ and outcome^[@R18]^ prediction modeling. A further interesting finding our study suggests is that the stress biomarkers used in our study and in particular MRproANP are promising candidates for predicting cardioembolic stroke etiology. Consequently, this finding needs to be validated in further multicentre clinical trials considering other predictors for cardioembolic stroke. Such biomarkers might be also useful to detect cardioembolism in embolic stroke of undetermined source.^[@R24]^
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